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Abstract: We have measured the angular and temporal structure of the air Cherenkov light signal induced by
relativistic particles in extensive air showers (EAS) of cosmic rays (CRs) with energies above 1016 eV. The detector
is a wide FOV Cherenkov telescope operating in coincidence with the surface detectors of the Yakutsk array.
In this report the first results of measurements during the field testing of the telescope in winter 2012-2013 are
presented.
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1 Introduction
At present, air Cherenkov light induced by extensive air
shower particles is measured by the grid of photomultiplier
tubes (PMTs) in coincidence with surface scintillation
detectors of the Yakutsk array. This provides the data on
lateral distribution of photon intensity and total flux of
Cherenkov light in EAS. We are going to supply additional
data with a set of differential detectors of Cherenkov light
measuring angular and temporal distribution of the signal.

The prototype detector - a wide field of view (FOV)
telescope with a position-sensitive PMT as an imaging
camera is constructed and tested during the last winter.
Here we present the first results of measurements, the data
are taken in coincidence with scintillation detectors of the
Yakutsk arrays. The data from a set of Cherenkov light
detectors of the array are not used in the present analysis
keeping it for a future.
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Figure 1: The wide FOV telescope.

2 Telescope and data set
The design and characteristics of the telescope (Fig. 1) are
given previously [1, 2]. A description of the Yakutsk array
and functioning of detectors can be found in [3, 4, 5].

During the field testing of the telescope in the period
from 19.10.2012 to 11.04.2013 we had 604 hours of clear
moonless nights, 11124 EAS events detected with scintilla-
tor subset of the array, from which 424 gave nonzero simul-
taneous signal in the telescope. Additional 277 telescope
signals are triggered by the Cherenkov detectors subset;
they will be analyzed later.

From numbers above (and the array area 8.2 km2) we got
the effective radius of the telescope acceptance Re f f = 315
m. It can be used in planning of the detectors grid. The
fraction of EAS events detected with nonzero telescope
signal is only 3.8%. Its dependence on zenith angle and
shower axis distance is illustrated in Fig. 2; primary energies
in the region E > 1016 eV.

While the telescope FOV is 308 sq. degrees (θ ∈
(00,140)), EAS events are detected with zenith angles up
to θ = 600. It can be explained by the broad angular distri-
bution of emitting electrons in the shower and photon scat-
tering in the atmosphere. Another contribution is angular
uncertainty of the shower reconstruction procedure which
is considerably increased at the lower threshold energy of
the array.

To avoid this uncertainty, we selected showers within
θ < 140 drawing a distribution of the shower axis (right
panel of Fig. 2). The effective radius of the telescope
detecting area, Re f f , is indicated by the arrow on the R axis
as well.

2.1 Position-sensitive PMT as an imaging
camera

There are two realizations of read out system for the out-
put signal from position-sensitive PMTs: multianode and
crossed wire anode. Preferences of the former are the uni-
formity of output signals and unique location on the anode
area. Crossed wire anode signals are less uniform, and loca-
tion of the signal is not unambiguous in the case of smeared
signal. Nevertheless, we have chosen Hamamatsu R2486
PMT with crossed wire anode for our telescope due to rel-
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Figure 2: Zenith angle and axis distance distribution of the shower fraction detected with telescope.

atively low price and a small number of output channels
needed.

Indeed, our data acquisition (DAQ) system has 32 inde-
pendent channels instead of 256 in multianode alternative.
In order to reconstruct signal distribution over anode sur-
face, one has a system of 32 equations

16

∑
j=1

Vi j = qx
i , i = 1, ..,16, (1)

16

∑
i=1

Vi j = qy
j, j = 1, ..,16, (2)

where Vi j is unknown signal in a grid knot; qx
i ,q

y
j are

output signals of wires. Equations are dependent because
of ∑qx

i = ∑qy
i . If the light source induces signals in more

than one xi and y j wire, then there are infinite number of
solutions of the system. Only in the case of symmetric
signal with a single maximum, there is a possibility to locate
the maximum position on the anode surface.

We have composed a particular solution of the system as

Vi j = qx
i qy

j/(∑qx
i ∑qy

j) (3)

to locate the position of the signal maximum on the anode
surface.

2.2 Equalizing channel zeros and the night sky
light background units

There are constant shifts in average zero signals of channels
due to instrumental reasons. We have measured signals1

from telescope with lightproof lid on to equalize zero
shifts. As a result of monthly measurements in 4-hour
sessions, average zero shifts of 32 channels were found.
RMS deviation of zeros in sessions is 0.5%, and monthly
deviation of zeros is less than 3%.

Due to unequal length of PMT wires, telescope construc-
tive features etc., signals of wires are not equal even from
the same light source at different angles. In order to take
into account the angular dependent correction to signals
of channels, we have used the night sky light background
(NSLB).

In moonless night, around zenith, nearly isotropic NSLB
is mainly composed of the air glow in upper atmosphere in-
duced by photo-chemical processes (∼ 2/3), zodiacal light
(∼ 1/3), integrated star light, etc. Zenith angle dependence
of the light intensity is approximated by I(θ) = I(0)(1+
θ 2/2), θ in radians [6]. Within the FOV of our telescope

mounted vertically staring at zenith, the background varia-
tion is less than 3%.

NSLB signal from the wire at distance x from the center
of photo-anode with radius R is I(x)' I0(1+ R2

6F2 +
x2

3F2 ),
where I0 is a signal from isotropic NSLB; F is a focal length
of the mirror.

We have measured NSLB reference signals in 4 ns bins
with gate duration 16 µs in moonless night 07.12.2012,
excluding twilight hours. Averaged NSLB signals are then
used as units in measuring Cherenkov light signals from
EAS in 32 channels. This provides equalizing signals of
channels but still with unknown dependence of the absolute
value on the Cherenkov light intensity.

2.3 Calibration of the telescope
We have mounted telescope near (2 m apart) one of the
Yakutsk array Cherenkov light detectors. This detector’s
signal was calibrated using plastic optical radiator [4, 5].
So, we have a possibility to normalize an integral signal
from telescope to that of the Cherenkov detector.

Our next analysis of the data collected in coincidence
with Cherenkov detectors subset of the Yakutsk array will
include the calibration of the telescope signal.

A disadvantage with this task is that the present
Cherenkov detector has comparatively large response time
and wider FOV than our telescope. Maybe, it will be con-
venient to use another ‘integral’ detector with the same
temporal resolution and FOV.

3 Angular and temporal structure of the air
Cherenkov light signal from EAS

Having telescope DAQ system output signals with uncali-
brated amplitudes we are able to analyze the signal shape
and position of its maximum on the photo-anode surface
only.

The Cherenkov signal from EAS is detected by the sys-
tem as follows. All the ADC output signals with sampling
frequency 250 MHz from 32 channels are continuously
stored in a PC memory. A trigger signal from EAS array
stops the process, and channel signals in 16 µs interval pre-
ceding a trigger are dumped. Then the system is ready to
detect the next EAS event.

As a result, we have 2× 16 oscillograms from xi and
y j wires in each event. First of all, we can determine the

1. triggered by EAS array
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Figure 3: The Cherenkov pulse shape detected with 32 channels of the telescope DAQ system: 16 X wires - left panel; 16 Y
wires - right panel.

pulse shape parameters of the Cherenkov signal from an
individual shower.

The parameters measured concern the pulse width and
slope of fronts:

• The rise time (0.1A−0.9A), τr, A is maximum am-
plitude of the signal,

• The full width at half maximum (0.5A−0.5A), τ0.5,

• The maximum time (0.1A−1.0A), τm,

• The top width (0.9A−0.9A), τ0.9,

• The fall time (0.9A−0.1A), τ f .

A typical set of signals from EAS event detected
12.11.2012, 13:20:11 UTC is shown in Fig. 3. The greater
part of 16 µs buffer data is cut out where the noise only is
recorded. Signals of channels are not equalized here. Pulse
shape parameters are averaged over 15 wires where sig-
nals are well above the noise. Parameters of EAS event
are reconstructed from the data of surface detectors of the
Yakutsk array.

These data should be corrected for the response time in-
fluence of the PMT and DAQ system. In our contribution to
this conference (ID:173 ‘Receiving function and operation
of the wide FOV Cherenkov telescope’) is given the time
constant of the system which can be used to estimate the
RMS deviation of the input signal.

We’ll follow the approach used in [7] to consider the
impulse response of our system. A basic concept is time
constant of the DAQ system (and PMT) caused by the
delta-function input signal. In this case any output signal is
given by a convolution of the input, fin(t), and the response
functions, g(t):

fout(t) =
∫ t

0
fin(x)g(t− x)dx.

We are using here a simple approximation with equal
rise time (0.1A−0.9A) and fall time (0.9A−0.1A) of the
response function in a Gaussian approximation: τ = 1.65σ .

Measured average RMS deviation of signals in 15 wires
in EAS event we are dealing with is found to be σout = 23.6
ns. The dispersion of output signal is a sum of dispersions of
the input signal, PMT and DAQ system response functions.
So, the RMS deviation of the Cherenkov light signal is
estimated as

σCher =
√

σout2− (τPMT/1.65)2− (τDAQ/2.56)2 = 22.6ns,

where τPMT = 5.5 ns is time constant of Hamamatsu R2486
PMT [8]; τDAQ = 15 ns is time constant of the DAQ system.

Angular distribution of the Cherenkov signal is converted
by the telescope into the spatial distribution of signal on
the PMT anode surface. Spatial resolution, σR, is connected
with the angular resolution σθ ∼ σR/F . An example of the
spatial distribution of the signal on the anode surface is
given in Fig. 4 at the moment of maximal amplitude. We
have used here a particular solution (Eq. 3) considering the
distribution of the signal on the anode surface symmetric,
with a single maximum.

Real angular resolution of our prototype telescope is
∼ 50. This is a lot worse than needed to distinguish different
primary particles initiating EAS [1]. On the other hand,
time resolution of the detector is presumably sufficient to
distinguish the groups of primary nuclei.
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Figure 4: The distribution of Cherenkov signal outputs on
the surface of photo-anode. Array of wires has a pitch size
3.75 mm. A distribution is taken at the moment t = 256 ns
when signal amplitudes are around maximum.
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4 Conclusions
We have completed the field testing of the prototype wide
FOV telescope. A number of EAS events are detected in
coincidence with the surface detectors of the Yakutsk array.
A detection efficiency of the telescope is measured as well
as the effective radius of the telescope detecting area. Angu-
lar and temporal structure parameters of the air Cherenkov
light signal from the particular EAS events are measured.
The resulting time resolution of the prototype telescope is
found to be sufficient, while the angular resolution has to
be improved considerably.
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